The removal of an N-methyl group, or N-demethylation, is a useful chemical transformation in organic synthesis which has particular importance in the field of alkaloid chemistry. Historically, tertiary N-methyl alkaloids have been N-demethylated using the same methods as for N-dealkylating tertiary amines. Such methodologies have included the von Braun reaction, the use of chloroformate and azodicarboxylate reagents and the Polonovski reaction, amongst others. Photochemical and biochemical procedures have also been successfully employed. This review will examine these N-demethylation procedures, with special emphasis on their application to opiate alkaloids.
N-Methyl Alkaloids
Alkaloids were originally defined as nitrogencontaining compounds of plant origin possessing remarkable pharmacological and physiological activity. The form and hybridization of the nitrogen atom may vary, with many alkaloid nitrogen atoms existing as primary, secondary or tertiary amines, N-oxides or quaternary ammonium salts.
Tertiary amines are important functionalities present in many natural products and synthetically derived pharmaceuticals include analgesics, antihistamines, local anesthetics and tricyclic antidepressants. The N-methyl group is a characteristic moiety associated with some alkaloids, including the opiate family, which encompasses the powerful analgesics morphine (1a) and codeine (2a).
N-Methyl alkaloids also include members of the tropane family. Historically, these highly potent compounds have been recorded as poisons, but have also displayed remarkable pharmaceutical properties. 
NPC Natural Product Communications
Atropine (3a), isolated from Atropa belladonna, is a potent CNS stimulant used in the treatment of nerve gas poisoning. Scopolamine (4a), a closely-related analog, is used to treat motion sickness. Cocaine (5a), the most notorious member of the tropane family, isolated from Erythroxylum coca, is a potent CNS stimulant and drug of high abuse potential. Dextromethorphan (6a) is a synthetic opiate agonist used in cough suppressant medications. The vinca alkaloid, vinblastine (7a), isolated from Catharanthus roeseus, is a potent tubulin polymerization inhibitor used to treat Hodgkin's disease and testicular cancer. The bioactive properties of structurally simpler tertiary N-methyl amines such as nicotine (8a) and caffeine (9) are also well established.
The Importance of N-Demethylation
The removal or replacement of N-methyl substituents is an important chemical transformation that has been utilized in drug synthesis and in the development of tools for pharmacological and metabolic studies. N-Demethylated compounds themselves may possess intrinsic biological activity. For example, the N-methyl tricyclic antidepressant imipramine (10a, Figure 2 ) is metabolized in vivo to the corresponding secondary amine, desipramine (10b) which itself is an active antidepressant agent [1] .
Certain N-nortropane derivatives have shown increased potency and selectivity over their N-methyl analogs as ligands for neuronal transport proteins. For example, nor-β-CIT (11b) is ten times more selective for the serotonin transporter than its N-methyl precursor (11a) [2] . Such compounds have been used in radioligand binding studies for the exploration of the neurochemical mechanisms of cocaine addiction [3] . A significant illustration of the importance of N-demethylation is its application to opiate alkaloids. Replacement of the N-methyl group in opiates with short alkyl chains (typically of 3-5 carbons) such as the cyclopropylmethyl and allyl groups has been shown to exhibit strong antagonist activity [4] [5] [6] [7] [8] [9] . Synthetic, pharmaceutical opiates of this kind include naloxone (12, Figure 3 ), which is administered in the event of a heroin overdose to overcome the potentially fatal effects of respiratory depression. Naloxone's cyclopropylmethyl analog, naltrexone (13) is a much more potent antagonist, possessing eight times the activity of naloxone. Other commercially available synthetic antagonists include nalorphine (14) and nalbuphine (15) , which possess a N-cyclobutylmethyl group [10] . These important N-alkyl opiate derivatives are synthesised from the corresponding N-nor opiates which it turn are prepared from naturally occurring N-methyl opiates. Thus, N-demethylation is a key chemical transformation in the synthesis of these important opiates. 
Chemical N-Demethylation Methods
The N-methyl group is tolerant to a variety of reaction conditions, making it difficult to cleave in the presence of other functionalities, especially in the case of complex natural products [11] . Nature has devised some very elegant systems to accomplish N-dealkylation. For example, the oxidative action of cytochrome P450 enzymes provides an efficient and highly selective means of N-demethylation during metabolic events. However, in the laboratory environment the challenge remains for the organic chemist to provide an efficient, high yielding method of N-demethylating tertiary amines that is chemoselective and proceeds under mild conditions. These requirements are particularly important in an industrial context where reactions are performed on a large scale.
A number of general methods for the N-dealkylation of tertiary amines have been reported in the literature. These procedures will be discussed henceforth.
The von Braun Reaction:
The classical and frequently employed method for the N-demethylation of tertiary amines is the von Braun reaction which was developed in the early 1900s [12] . This reaction is characterised by its use of the toxic reagent, cyanogen bromide. The mechanism is believed to proceed via nucleophilic attack on cyanogen bromide by the tertiary amine to afford a quaternary ammonium bromide intermediate ( Figure 4 ). This species gives rise to an N-cyano product (cyanamide), accompanied by liberation of an alkyl bromide. Subsequent hydrolysis of the cyanamide under acidic conditions, such as dilute HCl [13] or strongly basic conditions, for example KOH in diethyleneglycol [14] , affords the corresponding secondary amine. The scope and limitations of the von Braun reaction have been previously reported in the literature [15] . The von Braun reaction has been applied to N-demethylate opiate alkaloids, although poor to moderate yields are often obtained [16] [17] [18] [19] . Examples of opiate derivatives obtained in reasonable yields include N-norcodeinone dimethyl ketal (16b) from codeinone dimethyl ketal (16a, Figure 5 ). The intermediate cyanamide was formed in 65% yield and treatment with lithium aluminium hydride afforded the N-nor opiate 16b in 75% yield [18] . The reaction of 3,14-diacetyloxymorphone (17a) and cyanogen bromide proceeded in 91% yield and the resultant N-cyanamide was converted to noroxymorphone in 95% yield by reflux with 25% H 2 SO 4 [20] .
This synthetic intermediate was subsequently alkylated to afford the pharmaceutical opiate, naloxone (12) . The β-thevinone derivative 18a was converted to the corresponding N-cyanamide in 90% yield which was subsequently hydrolysed to the secondary amine 18b in 77% yield [19] . The benzomorphan 19a was treated with CNBr to afford the N-cyanamide intermediate in 94% yield, which was hydrolysed to give the N-nor analog 19b in 72% yield [21] . A range of other non-opiate alkaloids have also been N-demethylated using the von Braun reaction [15] . One such example is the pavine alkaloid (+)-eschscholtzidine (20a) which was converted to the corresponding N-norcyanamide in 80% yield and subsequently hydrolysed under basic conditions to give (+)-noreschscholtzidine (20b) in 82% yield [22] .
The major drawback of the von Braun reaction is the toxicity of cyanogen bromide which limits its use on an industrial scale. Furthermore, the von Braun reaction affords limited yields in some alkaloid cases. These factors have seen this method largely superseded by the use of chloroformate esters as N-demethylating agents for alkaloids. Chloroformate Reagents: N-Dealkyation of tertiary amines with chloroformate esters, also referred to as carbonochloridates, was first reported in 1911 [23] . Since then, these reagents have been frequently employed as efficient and selective reagents for N-demethylation [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . The mechanism resembles that of the von Braun reaction, with nucleophilic attack on the chloroformate ester by the tertiary amine to afford a carbamate intermediate via a quaternary ammonium salt species and loss of methyl chloride ( Figure 6 ). Hydrolysis of the carbamate, achieved under a variety of conditions, gives rise to the desired secondary amine.
The scope and limitations of chloroformate esters in N-dealkylation have been reviewed previously [25] .
Several different chloroformates have been reported in the literature (Figure 7) , with each subsequent development displaying improvements over the previous. Such improvements are increased yields, lower expense, or easier conversion of the carbamate ester into the secondary amine.
Alkyl (methyl, ethyl and benzyl) chloroformates were originally employed as the chloroformate reagents of choice until it was shown that phenyl chloroformates demonstrated superior N-dealkylation effectiveness over these alkyl analogs [26] .
All of these chloroformates have been applied to opiates and other tertiary N-methyl amine alkaloids. N-Norcodeine (2b) has been obtained in 43% isolated yield from codeine (2a) employing ethyl chloroformate (22) as the N-demethylating reagent [34] . Using phenyl chloroformate (24) , morphine (1a) was N-demethylated to give the expected phenyl carbamate intermediate in 91% yield which was hydrolysed to N-normorphine (1b) in 44% isolated yield [34] .
A drawback associated with the use of alkyl and phenyl chloroformates is the prolonged harsh conditions (strong acidic or basic hydrolysis) required to cleave the intermediate carbamate to afford the N-nor product.
This problem was alleviated with the introduction of hydrazine to effect cleavage under much milder conditions with improved yields. Using phenyl chloroformate (24) and a hydrazine-mediated cleavage, N-normorphine (1b) and N-norcodeine (2b) were obtained in 84% and 89% isolated yields, respectively [33] . The hydrazinolysis step employed a 1:1 mixture of 64% and 95% hydrazine hydrate to ensure that no anhydrous hydrazine (which is explosive) was present in the vapor of the refluxed mixture. This improved methodology was also applied to N-demethylate codeine methyl ether (29a) to its N-nor analog 29b in 65% yield ( Figure 8 ) [35] . Procedural refinements made to the phenyl chloroformate-hydrazine method further improved yields of N-noropiate alkaloids and obviated purification problems, with N-normorphine (1b) obtained in 90-93% yield from morphine (1a) and N-norcodeine (2b) in 80% yield from codeine (2b) [36] .
The revised procedure employed shorter reaction times and an inert (nitrogen or argon) atmosphere to limit the formation of 7,8-dihydro by-products. In the conversion of morphine to normorphine, allyl alcohol was also added to the reaction mixture for this reason.
Methyl chloroformate (21) has also been used to convert 3-deoxymorphine (30a) to 3-deoxynormorphine (30b) in 77% isolated yield using hydrazine-mediated cleavage of the methyl carbamate [37] . The introduction of 2,2,2-trichloroethyl chloroformate (25) provided another alternative to the harsh hydrolysis conditions associated with the use of alkyl and phenyl chloroformates. In this case, the intermediate carbamate can be easily cleaved by treatment with zinc in either methanol or 90% acetic acid, to afford the desired secondary amines in high yield [24] . Using this method, tropinone (31a) was converted to the corresponding trichloroethylcarbamate in 95% yield, followed by reduction with zinc to give N-nortropinone (31b) in 62% yield. Similarly, O-acetyltropine (32a) was N-demethylated to give O-acetyl-N-nortropine (32b) in 75% isolated yield. This methodology has been applied to opiates, but with lower yields than that obtained from hydrazinolysis.
Thus N-normorphine (1b) and N-norcodeine (2b) were obtained in 79% and 80% yield, respectively, from their N-methyl precursors [24, 38] .
In 1977 Olofson introduced vinyl chloroformate (VOC-Cl, 26) which has proven to be a highly selective and efficient reagent for N-dealkylation [10] . The intermediate vinyl carbamate undergoes facile hydrolysis under mild conditions without the need to use hydrazine. The improved yields of the N-nor products achieved using this reagent have been attributed to the enhanced electrophilicity of the acyl carbon, which is activated by its attachment to a vinyl ether moiety. Vinyl chloroformate (26) has been applied to opiates to give various N-noropiates in yields of greater than 90% [10, 39] . An example is the conversion of oxymorphone (33) to noroxymorphone (34), a key intermediate in the synthesis of pharmaceutical N-alkyl opiates such as naloxone (12) [10] . When this reaction sequence was performed without the isolation of intermediates, a 98% yield of crude noroxymorphone (34) was obtained ( Figure 9 ). α-Chloroethyl chloroformate (ACE-Cl, 27) is an alternative to vinyl chloroformate, which has been applied to N-demethylate certain tertiary amines in near quantitative yield under mild conditions. For example, using ACE-Cl the alkaloids O-acetyl tropine (32a) and acreoline (35a, Figure 10 ) were N-demethylated to their secondary amine salts in 97% and 95% yield, respectively. ACE-Cl has also been successfully applied to opiates. Oxycodone (36a) was treated with ACE-Cl to give N-noroxycodone (36b) in 86% isolated yield and 6acetylcodeine (37a) has been N-demethylated to give 97% recrystallized yield of its N-nor product 37b [40] . In the last ten years L-selectride has been employed as a mild and effective reagent for cleavage of N-alkyl carbamate intermediates as another alternative to hydrazine. The use of L-selectride has been successful with respect to certain opiate N-demethylations, with the best reported yield of N-norcodeine (92%), obtained from L-selectride treatment of the N-carbomethoxynorcodeine intermediate [41] . The rate of carbamate cleavage was found to decrease with increasing steric bulk of the N-alkyl carbamate [42] . A limitation of this method is that it requires protection of functional groups susceptible to hydride attack, such as ketones.
Recently, propargyl chloroformate (28) has been shown to effect N-dealkylation of substituted N-alkyl pyrrolidines and piperidines in good yields [43] . However, to date, this methodology has not been applied to more complex tertiary amine or alkaloid systems.
Although a number of chloroformate reagents have proven to be effective agents for the N-demethylation of tertiary N-methyl amines, their biggest drawback is their expense which limits their use on an industrial scale.
Dialkyl Azodicarboxylates: The naturally-occurring N-methyl opiate thebaine (38a, Figure 11 ) possesses a 6,8-diene system which has demonstrated incompatibility with the von Braun reaction as cyanogen bromide induces a skeletal rearrangement of the opiate system via carbenium ions [44] . Chloroformate esters are also ineffective N-demethylating reagents for thebaine due to unwanted side reactions.
However, diethyl azodicarboxylate (DEAD, 39) has successfully been used in the N-demethylation of thebaine. Thebaine (38a) was refluxed with DEAD prior to the addition of pyridinium hydrochloride. N-Northebaine (38b) was ultimately isolated as a hydrochloride salt in 88% yield [45] . DEAD has also been used to N-demethylate thevinone (40a), of the orvinol family, to N-northevinone (40b) in 68% yield [46] . 
The Polonovski Reaction:
Discovered in 1927, the Polonovski reaction is an effective two-step method of N-demethylating tertiary amines [47] . A tertiary amine is converted to its corresponding N-oxide through the use of an oxidizing agent, usually a peroxide or peracid. The amine N-oxide is then reacted with an "activating agent" which gives rise to the N-demethylated product. The central feature of the Polonovski reaction is the conversion of the N-oxide to an iminium ion intermediate. The mechanism of formation of this iminium ion depends upon the nature of the activating agent. There are three main categories of activating agents; acylating agents (acid anhydrides, acid chlorides or chloroformate esters), iron based reagents and sulfur dioxide. The term "classical Polonovski" refers to the use of acylating agents, which were the original activation agents employed (Scheme 12) [48] . In this reaction the activating agent reacts with the tertiary amine N-oxide to form an N,N-dialkyl acetamide, which upon hydrolysis gives the N-nor product. The original work was mainly carried out on bicyclic tropane N-oxide derivatives to give demethylated tropane amides and formaldehyde. A comprehensive review by Grierson covers the scope and limitations of this reaction [48] . The Polonovski reaction is tolerant to numerous functionalities including ketones, alcohols, anilines and allylamines, which is advantageous as the use of protecting groups may be avoided during N-demethylation [49] .
To date, the classical Polonovski reaction has been unsuccessful in the N-demethylation of opiate alkaloids [50, 51] . Attempts to N-demethylate morphine N-oxide with acetic anhydride afforded 3,6-diacetylmorphine (heroin), as the major product, with the desired tri-acetylated N-normorphine in negligible yield [50] .
Treatment of morphine N-oxide with acetyl chloride gave a 50-70% yield of Δ 16,17 -dehydroheronium acetate, with the N-methyl group intact [51] . In recent years, the non-classical Polonovski reaction has been used with success to N-demethylate tertiary amine alkaloids, including opiates. The initial application of this variant was the N-demethylation of the Amaryllidaceae alkaloid galanthamine (41a), via formation of the N-oxide and its subsequent treatment with FeSO 4 .7H 2 O to give N-norgalanthamine (41b) in 76% yield ( Figure 13 ) [52] . The use of catalytic FeCl 2 .4H 2 O in a biphasic system has also demonstrated the capacity to N-demethylate a variety of tertiary amine N-oxides, including morphinan derivatives in good yields [49] . A modified non-classical Polonovski reaction has been used to N-demethylate opiates in moderate to high yields [53, 54] . Formation of the opiate N-oxide, followed by FeSO 4 .7H 2 O mediated N-demethylation afforded the N-nor opiates, with the only by-product being the parent tertiary amine. This can be explained from consideration of the proposed non-classical Polonovski mechanism involving an Fe(II)/Fe(III) redox couple ( Figure 14 ) [48] .
Fe(II) coordination to the protonated N-oxide promotes a single electron transfer (SET) resulting in the formation of an aminium radical cation. This species loses an α-proton, undergoes electron reorganization to form a more stable carbon centred radical which undergoes another SET to afford an iminium ion intermediate. Hydrolysis of this species affords the desired secondary amine. An alternative mechanism has the aminium radical cation undergoing a hydrogen atom transfer (HAT) to Fe(III) to give the iminium ion directly. The regeneration of parent tertiary amine is a consequence of Fe(II) reacting with the aminium radical cation.
This modified Polonovski reaction has been used to prepare N-norcodeine (2b), N-norcodeine methyl ether (29b) and N-northebaine (38b) from the corresponding N-methyl opiates in 62%, 87% and 78% yield, respectively [53, 54] . Isolation of the N-oxide as its hydrochloride salt was found to increase the proportion of the desired N-nor opiate [53] . This methodology has also been used to N-demethylate tropane substrates [54] .
4,6-Dichloro-2-hydroxy-[1,3,5]triazine:
An elegant procedure for the N-demethylation of N-methyl tertiary amines is a solid-supported de-oxygenative system using a column chromatography-like setup [55] . This approach consists of three stages corresponding to three 'zones' on the column to which the tertiary amine is submitted. The first stage is conversion to the corresponding N-oxide using the solid reagent sodium percarbonate Na 2 CO 3 .1.5H 2 O 2, and is achieved quantitatively. The second stage is N-demethylation of the N-oxide using the sodium salt of 4,6-dichloro-2-hydroxy [1, 3, 5] triazine, which induces the formation of carbenium-iminium ions which in turn autocatalyse the degradation of the tertiary amine N-oxide into the desired secondary amine and formaldehyde (Figure 15 ).
The Ndemethylation step requires anhydrous conditions to avoid quenching the active carbenium-iminium ion species.
The final stage is a purification step to remove the formaldehyde by-product via absorption onto alumina. Elution of the column furnishes the N-nor amine in near quantitative yields. Simple tertiary amines, such as N,N-dimethylaniline and 1-methylmorpholine, and alkaloids such as nicotine and 9-methyl-9H-carbazole have been N-demethylated in impressive yields via this methodology on scales up to 10 grams (Table 1 ). Advantages of this N-demethylation system include the use of cheap, solid inorganic reagents which limits the use of organic solvent and related waste, a positive with respect to environmental concerns. This methodology is exclusively selective for N-demethylation over other forms of N-dealkylation. In the case of N,N-dimethyl compounds, mono N-demethylation is favored.
Photochemical N-Demethylation Methods
In the presence of certain photosensitizing agents and typical photo-oxidation conditions (bubbling oxygen gas and UV light), N-demethylation of a number of tertiary amine alkaloids has been observed.
Tertiary amines generally have low ionization potentials and are therefore effective electron donors. A photosensitizing agent (PSA) is able to accept an electron via a single electron transfer process. This process can be photo-induced with the use of ultra-violet/visible light in the presence of molecular oxygen. Photo-initiation promotes a SET from the tertiary amine to the PSA to generate a planar radical cation ( Figure 16 ). Loss of an α-proton gives a carbon-centred radical, from which another SET affords an iminium cation. Hydrolysis of this species affords the desired N-nor amine. Such photo-oxidation conditions have been successfully used to N-demethylate certain alkaloids. Use of the photosensitizing agent, N,N'-dimethyl-2,7diazapyrenium (DAP 2+ ), under photo-oxidative conditions effected the N-demethylation of atropine (3a) and dextromethorphan (6a) in 95% yield in both cases [56] . N-Nordextromethorphan (6b) has also been prepared photo-oxidatively using 9,10-dicyanoanthracene (DCA) as the PSA in 43% yield, which was increased to 83% upon the addition of LiClO 4 salt to the reaction medium [57] . Photooxidative N-demethylation of tropane alkaloids has been achieved employing 5,10,15,20-tetraphenyl-21H,23H-porphin (TPP) or Rose Bengal as PSAs to give N-nortropanes in moderate to good yields. However, when this methodology was applied to more complex structures such as dextromethorphan (6a) and certain opiates, the formation of by-products limited yields of the desired N-nor amines [58] .
Biochemical N-Demethylation Methods
The major metabolic pathway for many exogenous tertiary amine compounds is oxidative N-dealkylation. This can be achieved via two pathways ( Figure 17 ) [59] . An α-carbon oxidation of the tertiary amine results in the formation of a carbinolamine (42) , which generally undergoes spontaneous cleavage to form the secondary amine metabolite (43) and formaldehyde. Carbinolamines can also be further oxidized to amides (44) , and are believed to exist in equilibrium with the corresponding iminium ion, which can be generated by deprotonation of the tertiary amine. Alternatively, tertiary amines may be oxidized to their corresponding N-oxides (45) . In limited cases, tertiary amine N-oxides may undergo dealkylation to also give the secondary amine.
Cytochrome P450 enzymes are hepatic heme proteins that catalyse the in vivo oxidative N-dealkylation of tertiary amines. The exact mechanism of this process remains uncertain [60] . Numerous studies have attempted to mimic P450 N-demethylation in the laboratory environment [61] [62] [63] [64] [65] . Examples of such biomimetic systems include the use of metalloporphyrins such as Fe(TPP)Cl, Mn(TPP)Cl and Ru(TPP)CO with imidazole, 1,2,4-triazole and tetrazole as additives. The iron porphyrin Fe(TPP)Cl in the presence of tetrazole and the absence of light has been shown to N-demethylate a N,N-dimethylalkylamine N-oxide (46a) to give the corresponding secondary amine (46b) in 86% yield ( Figure 18 ) [66] . These types of metalloporphyrin systems have not been tried on more complex alkaloid systems to date. A novel oxidative N-demethylation of a 12-membered macrolide using lead tetraacetate in a mechanism believed to be similar to that of cytochrome P450 was reported recently [67] .
A few examples exist where microorganisms have been employed to perform N-demethylation on alkaloid substrates. The use of biological systems appears to have great potential in synthetic organic chemistry, where microorganisms, or enzymes isolated from them, can be used to catalyze chemical reactions that have posed difficulties via conventional chemical methods. Microbial systems have been successfully utilized in the syntheses of a number of pharmaceutically useful steroids [68] . An advantage of using microbial reactions is that the conditions required for optimum biological performance are mild, thereby allowing a variety of substrates to be subjected to such transformations. Furthermore, biocatalyzed reactions are often regiospecific and stereoselective.
The most promising bio-system to date for the N-demethylation of opiate alkaloids is the fungus Mucor piriformis. N-Dealkylation of a variety of N-substituted thebaines to N-northebaine were achieved in yields of 80-90% ( The yield of the N-demethylation of thebaine (38a) was optimized to 95% by prolonging the incubation period. The Diels-Alder adduct thevinone 40 was also N-demethylated in a yield of 83% using M. piriformis. More recently, the filamentous fungi genus Cunninhamella echincelata has been used to N-and O-demethylate the buprenorphine analog 17a to give potential buprenorphine synthetic intermediates, with limited success. Using the NRRL 2384 strain, compound 47a was converted to the N-nor precursor of buprenorphine 47b in 39% yield (Figure 19 ). The 3'-O-demethylated product was also isolated in 5% yield, along with the N-and 3'-O-demethylated product in 6% yield [70] .
N-Methyl Substitution
Procedures for the direct replacement of an N-methyl group with an alternative N-alkyl substituent have also been reported [71, 72] . Such methodologies do not require the formation of a secondary amine intermediate and are thus potentially concise routes to N-alkyl substituted alkaloids. Treatment of a tertiary amine with the appropriate alkyl halide affords the quaternary amine which is then reacted with a nucleophile to effect an S N 2-type demethylation yielding the desired N-alkyl amine (Figure 20 ). This methodology has been applied to N-alkylation of the naturally occurring opiates morphine (1a), codeine (2a) and thebaine (38a) using sodium benzenethiolate as a nucleophile [71] . The yields of the N-alkyl products are shown in Table 3 .
Quaternization of thebaine (38a) was found to proceed at a faster rate than that of morphine (1a) and codeine (2a), which was rationalized by the absence of an axial proton in the 14 position of thebaine.
The selective, one-pot exchange of the N-methyl group for ethyl, propyl or octyl groups on laudanosine (56) , an ergot alkaloid, and the opiate agonist, dextromethorphan (6a), was achieved using the nucleophile potassium thioacetate (MeCOSK) ( Table 4 ) [72] . Use of Na 2 S or MeSNa as nucleophiles in these cases favoured Hofmann elimination products, over one-pot N-alkylation. 
N-Demethylation of Quaternary Ammonium Salts
Quaternary ammonium salts are moieties commonly present in naturally occurring alkaloids. Such species can undergo one or two N-demethylation events to give the corresponding tertiary or secondary amine, respectively.
The N-methyl quaternary pavine (-)-caryachine N-metho salt (63) is a major alkaloid isolated as the perchorate salt from Cryptocarya chinens. The quaternary nitrogen centre possesses two methyl groups, one of which can be removed using the pungent nucleophile sodium hydrogen telluride NaHTe to give the tertiary amine (-)-caryachine (64) in 73% yield ( Figure 21 ) [22] . Alternatively, treatment in refluxing DMF was shown to accomplish the same transformation in 79% yield. Thiolates, such as sodium benzenethiolate [73] , sodium benzeneselenolate [74, 75] and sodium p-methylbenzenethiolate [76] have been used to N-dealkylate quaternary ammonium compounds. However, these reagents are of limited use for industrial applications due to the harsh reaction conditions required. Low yields of N-dealkylated product, compared to other methods, are often observed due to unwanted side reactions such as O-demethylation owing to the strong nucleophilicity of these reagents.
Conclusions
A number of procedures for the N-demethylation of alkaloids have been reported in the last 100 years. These procedures vary in their selectivity and effectiveness as well as their amenability for scale up. In general, the chloroformate reagents have proven to be a particularly reliable class of N-demethylating agents. A wide range of chloroformates have been studied and the various intermediate carbamates are cleaved under different and complementary reaction conditions, which provide broad compatibility with other substrate functionalities. More recently, the emergence of biochemical methods offers the potential to selectively N-demethylate complex natural products.
